Super-resolution imaging with advanced optical systems has been revolutionizing technical analysis in various fields from biological to physical sciences. However, many objects are hidden by strongly scattering media such as biological tissues or wall corner which scrambles light paths, creates speckle patterns and hinders the object's visualization, let alone super-resolution imaging. Here, we demonstrate a method to do non-invasive super-resolution imaging through scattering media 2 based on stochastic optical scattering localization imaging (SOSLI). Simply capturing multiple speckle images of photo-switchable probes, our stochastic approach utilizes the speckle correlation properties of scattering media and retrieves images with four folds of resolution enhancement compared to diffraction limit while there is no fundamental limit in achieving higher spatial resolution. More importantly, we demonstrate our SOSLI to do non-invasive super-resolution imaging through not only thin optical diffusers, i.e. static scattering media, but also thin biological tissues, i.e. dynamic scattering media.
Introduction
Optical imaging beyond the diffraction limit resolution has enabled incredible tools to advance science and technology from non-invasive investigation of biological cells' interior to chemical reaction at single molecule level. Super-resolution stimulated emission depletion (STED) microscopy has been progressed rapidly to achieve threedimensional (3D) imaging with super high spatiotemporal precision. For singlemolecule detection and localization approaches, such as stochastic optical reconstruction microscopy (STORM) or photoactivated localization microscopy (PALM), the position of photo-switchable probes is determined as center of the diffraction-limited spots. Repeating multiple imaging processes, each with a stochastically different subset of active fluorophores, allows positioning a number of 3 emitters at tens-of-nanometer resolution then the high-resolution image is reconstructed.
After these pioneer works, the field has been developed rapidly to bring the optical microscopy to reach the resolution of electron microscopy. However, the requirement of sample transparency makes the super-resolution microscopy techniques impossible to access the objects, which are hidden by strongly scattering media (Fig. 1a) such as biological tissues, frosted glass or around rough wall corners. These media typically create noise-like speckle patterns 1 and challenge even our low-resolution visualization of samples.
Many approaches have been demonstrated to overcome the scattering effects and enabled imaging capability through scattering media. The most straight forward approaches utilizes ballistic photons, such as optical coherence tomography [3] [4] [5] [6] or multiphoton microscopy 7, 8 . However, strongly scattering media significantly reduces number of ballistic photons and lower the signal tremendously 2 . Some techniques require a guide star or an access on the other side of scattering media to characterize or reverse their scattering effect before imaging such as: wave-front shaping technique, transfer matrix measurement. Memory effect of light through thin scattering media [32] [33] [34] [35] implying a shift-invariant point spreading function (PSF) for each medium, allows imaging by deconvolution [36] [37] [38] [39] [40] [41] [42] [43] of a speckle pattern with the PSF, which is measured invasively. A scattering medium with a known PSF is a scattering lens with enhanced resolution which is slightly higher than diffraction limit (Fig 1b and supplementary Fig. 2d-f) by enhancing the amplitude of high frequency passing through optical system. Each measured PSF is only valid for only scattering medium, therefore, cannot be used 4 for dynamic scattering media. Non-invasive imaging through scattering media where the image is retrieved without characterizing scattering media is desired for real applications. Diffuse optical tomography 9, 10 , time-of-flight imaging 13, 15 , are capable of seeing though scattering layers and around corners non-invasively, however the spatial resolution are much lower than optical diffraction-limit. Thanks to the shift-invariance speckle-type PSF of a thin scattering media, the image of sample can be revealed noninvasively from the speckle image by phase retrieval algorithm at low resolution (Fig.   1c ).
Here, we present our stochastic optical scattering localization imaging (SOSLI) technique to do noninvasive super-resolution imaging through scattering media. The technique requires only an imaging sensor to capture speckle patterns created by blinking emitters behind scattering media; no other optics or complicated alignment are needed. The positions of emitters in each captured speckle image are determined at high precision then a super resolution image of the full sample (Fig. 1d ) is reconstructed from a series of speckle images. We have demonstrated the image reconstruction with resolution beyond the diffraction limit by a factor of four as a proof of concept, while there is no fundamental limit for SOSLI on resolution, similar to super-resolution microscopy techniques. More interestingly, the localization algorithm is based on a single shot speckle pattern with minimum correlation among adjacent patterns in their series, we demonstrate super resolution imaging through a dynamic scattering media such as chicken egg shell membrane. Our SOSLI demonstrates a desired technique to see through translucent media such as biological tissues or frosted glass with 5 unprecedented clarity. 
Principle
An object is constituted of randomly blinking emitters: = ∑ , where is the ith blinking pattern and N is the total number of the blinking patterns (Fig. 2a) . If object size is within memory effect of scattering media, the PSF is speckle-type shiftinvariant, therefore speckle pattern ( Fig. 2b) , reserves the autocorrelation of object (Fig. 2c ). The image of can be retrieved from its corresponding speckle pattern, by phase retrieval approach 45 ( Fig. 2d) . The noise in speckle image acquisition, the limit in camera's bit depth and phase retrieval algorithms degrade the diffraction-limit resolution of this non-invasive retrieval image. However, a standard localization algorithm is employed to find the position of emitters at very high resolution (Fig. 2e ).
Similar to other localization microscopy techniques, the precision is better for spatially sparse emitter samples where only one emitter is temporally active in a diffraction-limit which simulation parameters are similar except that all the emitters are on. This current state-of-the-art technique for noninvasive imaging through scattering media shows a blurry image where the low spatial frequency presents the diffraction limit of optical system together with some artifact from phase retrieval algorithm. In contrast, the image reconstructed by SOSLI is much sharper (Fig. 2h) . Super-resolution imaging through a ground glass diffuser Fig. 1a ). The micrometer object is placed 10 mm behind the ground glass diffuser. The incoherent light from object propagates through the ground glass diffuser then is recorded by a monochromatic CMOS camera which is placed at a distance of 80 mm in front of the scattering media. An iris with diameter of 1 mm is placed immediately after the optical diffuser to play as an aperture of the imaging system. More details are presented in Supplementary Fig. 1b . Figure 3 shows the experimental results for three different imaging approaches with the same experimental setup presented above. Single-shot noninvasive imaging through scattering media is performed in Fig. 3a , where all emitters are on. The result is retrieved from the autocorrelation of a single speckle pattern by phase retrieval algorithm. The image is very blurry and we cannot distinguish 2 lines with a gap of 4.8 µm between them (the lower panel of Fig. 3a) . We can calculate the diffraction limit of our system as 0.61 /NA = 6.7 , where  = 550 nm (the peak of projector spectrum) and NA = 0.05. Beside the diffraction limit, the performance of phase retrieval algorithm in present of experimental noise also degrades the image quality and limits the resolution. With the DMD projector, we can measure the PSF by turning only a single pixel and capture its speckle pattern. Such "invasive guider star" for PSF measurement allows us to calculate the image by deconvolution and enhances the resolution significantly (Fig. 3b) . The invasive deconvolution approach is more deterministic, robust to the noise and enhance high spatial frequency components of the image. This allows us to distinguish the 2 lines with a 4.8-µm gap between them.
However, we still cannot see the gap of 3.2 µm between 2 lines. Most strikingly, our super resolution image reconstructed noninvasively by SOSLI is remarkably clear as presented in Fig. 3c . We can resolve very well all the smallest features of our sample, i.e. 2 thin lines (1.6 µm width) with a gap of 1.6 µm in between, which is improved from the diffraction limit by more than 4 folds. The lower panel of Fig. 3c also clearly shows that the capability of SOSLI is far beyond our sample's features, which are currently limited by the projector and optics of the sample creator system. Figure 4 presents some results of more complex objects for performance comparison among 3
techniques. Similar to Fig. 3 , the complex objects are resolved the best with our SOSLI approach ( Fig. 4a-c) , while the retrieval image from autocorrelation of a single speckle pattern shows the least performance ( Fig. 4d-f) . The invasive imaging approach by deconvolution ( Fig. 4g-i) . Obviously, our SOSLI for noninvasive imaging through scattering media goes far beyond the diffraction limit and surpasses all the current stateof-the art imaging through scattering media including both invasive and noninvasive techniques. Our demonstrations in Fig. 3 and 4 rely on a fixed PSF for reconstruction of multiple emitter patterns and cannot be directly use for dynamic scattering media such as 13 biological tissue. Figure 5a shows the decorrelation behaviors of PSFs for two different scattering media. For static scattering media such as ground glass diffusers, the PSF is a constant pattern and the correlation of 1 is achieved for all measured PSFs at any time.
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On the other hand, a dynamic scattering media such as fresh chicken eggshell membrane, the PSF is gradually changed and the correlation with the initial one is decreased with time. After 300 measurements, the correlation reduces from 1.0 to 0.2 with the fastest decay rate for the first 70 measurement (correlation drop to 0.56). The reconstruction by SOSLI with a single retrieved PSF shows a noisy and blurry image due to this decorrelation (Fig. 5b) . Obviously, the assumption of a static PSF in SOSLI does not hold in this case, we can only use it to localize the emitters then superposing them to each other when PSF of scattering media is still reasonably correlated to the original one (typically 50-60% is good enough).
We introduce an adaptive approach to demonstrate our SOSLI for dynamic scattering media. We utilize SOSLI to localize then superpose emitters in 50 stochastic frames, in which the fresh chicken eggshell membrane still can remain its PSF correlation of more than 60%. With 300 collected stochastic frames totally, we divide them into 11 sections, each contains 50 speckle frames, in which the first 25 frames are overlapped with the previous section and the other 25 frames are overlapped with the next section ( Supplementary Fig. 6a & b) . We can directly apply SOSLI to reconstructed 11 superresolution images, each for a part of object. However, we cannot directly superpose to SOSLI with a single PSF (Fig. 5b) . It is worth to note that our method for localizing emitters still relies on a single shot imaging, which can be done very fast to beat the dynamics of scattering media. In the most extreme dynamic scattering media, the only requirement for our SOSLI is that the scattering media do not decorrelate completely between two adjacent shots. Typically, remaining of 20% correlation is enough to determine the relative positions between two adjacent images then superposing can be done properly to achieve a super resolution image. Our SOSLI with adaptive PSF shows a practical approach to do noninvasive super resolution imaging through dynamic scattering media.
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Discussion & Conclusion
Our SOSLI relies on shift-invariant speckly-type PSF of scattering media which is valid if the hidden object behind the scattering media is within the memory effect region of scattering media [32] [33] [34] [35] . Therefore, we can image a larger object with thinner scattering media. However, there's no fundamental physics that limits our SOSLI to achieve super resolution. In fact, we have more practical limit for SOSLI to reach high resolution. The most challenging is the intermittent emitter that can produce very large number of photons per blink. Unlike localization approach in super-resolution microscopy where all the photons goes into the diffraction limit spot, we need to capture much more photons in SOSLI because the photons are now scattered everywhere. Then noise and bit depth of camera are factors that affect our computational approach, limiting the resolution.
In summary, we have presented our simulation and proof-of-concept demonstration of SOSLI for noninvasive super-resolution imaging through static or dynamic scattering media. We only need a camera to capture multiple images of the photons from stochastic emitters behind scattering media, then our computational approach will localize these emitters to reconstruct a super-resolution mage. Our experimental results for SOSLI enhances resolution by factor of 4 compared to the diffraction limit, showing a higher clarity image compared to both state-of-the-art invasive and noninvasive imaging through scattering media. Our demonstration shows the potentials of SOSLI for optical imaging through turbid media such as biological tissue with unprecedented 16 clarity.
